The Southwest Mountainous region of the eastern Himalayas is a hotspot with extraordinarily high biodiversity and endemism, but the processes that have driven this unique diversity are largely unknown. We evaluated processes that have contributed to the current observed high genetic diversity in this region by integrating comparative phylogeography with ecological niche modeling in a study of two representative birds of the Southwest Mountains: the black-throated bushtit Aegithalos concinnus and the Elliot's laughing thrush Garrulax elliotii. Mitochondrial DNA analyses revealed multiple divergent genetic lineages, which are roughly congruent with the north, south and east eco-subregion division of the Southwest Mountains. This strong geographical structure in these two species suggests that lineage diversification has proceeded in situ between the eco-subregions of the Southwest Mountains. During Pleistocene glaciations, the two species responded differently to climatic fluctuations. A. concinnus maintained rather stable habitats, mostly evergreen forests, during glacial cycles and thus kept a stable population size and further accumulated genetic diversity. In contrast, G. elliotii, which is mostly active in shrublands, has shifted its suitable habitats with glacial cycles. This species dispersed to low elevation areas during glacial periods, which provided multiple opportunities for gene admixture. The admixture causes the mixing of previously isolated genetic lineages and thus obscures the pattern of genetic variation [Current Zoology 61 (5): 935-942, 2015].
The eastern Himalayan region is a global biodiversity hotspot and holds great importance for biodiversity conservation (Myers et al., 2000) . The Southwest Mountains of China, which are located at the eastern end of the Himalayan range and at the southeastern corner of the Tibetan plateau, possess extremely rich fauna in terms of species diversity and endemism (Zhang et al., 2009; Tang, 1996; Lei et al., 2003a; 2003b) . Caused by the tectonic uplift of the Himalayas in the Pliocene, the Southwest Mountains are characterized by a series of parallel alpine ridges reaching altitudes over 5,000 m above sea level (m.a.s.l.) with altitudinal differences often exceeding 2,000 m between valleys and mountain tops (Zhang et al., 2009 ). Mountainous areas often play an important role in avian speciation and diversification because their topographic complexity can lead to ecological stratification and environmental heterogeneity (Fjeldså et al., 2012) . In fact, the Southwest Mountains have been considered an archipelago of evolutionary islands where populations, subspecies and species have become isolated and evolved independently (Qu et al., 2014; .
The glaciations that took place during the Pleistocene have also most likely contributed to genetic diversification in the Southwest Mountains. During Pleistocene glaciations, only high elevations of this region were glaciated (Zhou et al., 2006) , with the lower limit of glaciation estimated at above 2,000 m.a.s.l. (Li et al., 1991) . Accordingly, areas of low elevation may have provided mild glacial refugia, and species may have stayed in the multiple, separated micro-refugia because of the topographical complexity (Qu et al., 2011) . If so, genetic diversification of montane species in the Southwest Mountains could be maintained and increased further. The black-throated bushtit Aegithalos concinnus and the Elliot's laughing thrush Garrulax elliotii are commonly found in southern China, mainly distributed in the Southwest Mountains. A. concinnus inhabits broadleaf evergreen forests from 1,400 to 3,200 m.a.s.l, and and 4,500 m.a.s.l (Cheng et al., 1987) . Previous mitochondrial DNA analyses identified multiple genetic lineages in these two species (Qu et al., 2011; Dai et al., 2012 ), yet how the topographical complexity and distinct history of the Pleistocene glaciations in the Southwest Mountains contributed to the genetic diversity in this region is not well understood. In this study, we investigate the relative importance of topographical complexity and Pleistocene glaciations on the genetic diversification in A. concinnus and G.elliotii by integrating comparative phylogeography with ecological niche modeling. We aim to 1) determine whether there are multiple genetic lineages in the Southwest Mountains; 2) if so, determine whether these lineages are congruent with eco-subregion divisions or different mountain systems; and 3) assess the divergence time between these lineages and how changes in habitats during the Pleistocene glaciations have contributed to intraspecific divergence.
Materials and Methods

Study area and sampling sites
The Southwest Mountains can generally be divided into several eco-subregions (Zhang et al., 1997; Yu et al., 2007; Zhang et al., 2009 ) (also see Fig. 1 ). The south eco-subregion is characterized by tropical or subtropical broadleaved forests with a mixture of evergreen and deciduous species, and the north eco-subregion is typified by alpine meadows and shrublands. The eastern subregion is dominated by the temperate evergreen coniferous and broadleaved mixed forests. The sampling of the two species is shown in Figure 1 and Table S1 . These samples were collected at sites across the Southwest Mountains with an elevational distribution between 1,500 and 4,000 m.a.s.l.
Genetic datasets
We used a mitochondrial DNA locus that combined three genes original published in Qu et al. (2011) and Dai et al. (2012) : an 880 bp fragment of cytochrome b, a 707 bp fragment of COI gene and a 1,003 bp fragment of DN2 gene for G. elliotii; and a 886 bp fragment of cytochrome b, a 1,236 bp fragment of COI gene and a 958 bp fragment of DN2 gene for A. concinnus. Only subsections of samples from the Southwest Mountains were used in this study. (Table S1 ). The bold dashed line represents the boundary between recognized ecological subregions in the eastern Himalayan mountain range (Zhang et al., 2009 ).
Genetic diversity
We calculated the number of segregating sites and nucleotide diversity for each species using DnaSP 5.1 (Rozas et al., 2009) . Two additional neutrality tests, Tajima's D and Fu's F S (Fu, 1997) were used to detect departures from the mutation-drift equilibrium that would be indicative of changes in historical demography and natural selection. We also calculated the uncorrected P distance within and between lineages revealed from phylogenetic trees (see Results). All tests were implemented in DnaSP.
Phylogenetic reconstruction
Maximum likelihood (ML) and Bayesian inference (BI) were employed to infer the phylogenetic relationship of the two species. The maximum likelihood trees were reconstructed in the program PHYML 3.0 (Guindon and Gascuel, 2003) . Based on the Akaike Information Criterion (AIC, Akaike, 1973) , the model HKY, invariable sites and gamma distribution were used as suggested by Modeltest 3.7 (Posada and Crandall, 1998) . The base frequency and the ratio of transition/transversion were optimized using the maximum likelihood criterion in PHYML. Outgroups were the black-faced laughing thrush G. affinis, exquisite laughing thrush G.
formosus and streaked laughing thrush G. lineatus for G. elliotii, and the silver-throated bushtit A. caudatus for A. concinnus. Bayesian analyses were performed with MrBayes 3.1 (Ronquist and Huelsenbeck, 2003) with default parameters using the selected models generated by MrModeltest 2.2 (Nylander, 2002) . Two independent runs of Monte Carlo Markov Chains (MCMCs) were carried out with trees sampled every 100 generations for 2-5×10 6 generations until the average standard deviation of split frequency was below 0.01. A total of 25% of the generations were discarded as burn-in and posterior probabilities were estimated for the remaining saved generations.
Divergence time estimation
Molecular dating analyses were carried out for combined data using the substitution rates recently calibrated for mitochondrial genes in Hawaiian Honeycreepers, based on calibrations using the ages of the Hawaiian Islands: a mutation rate of (1.4 ± 0.2) × 10 -8 for cyt-b, (1.6 ± 0.2) × 10 -8 for COI and (2.5 ± 0.03) × 10 -8 for ND2, (Lernet et al., 2011) . We used the relaxed uncorrelated lognormal model (Drummond and Rambaut, 2007) implemented in BEAST 1.7.1 (Drummond and Rambaut, 2007) to consider the uncertainty of the mutation rate. Mutation rates were set to be uniform prior with an initial value of 0.014, 0.016 and 0.025 for cyt-b, COI and ND2, respectively. Tree topologies and divergence times were estimated simultaneously in BEAST, thus incorporating topological uncertainty into the divergence time estimate. Each gene was allowed its own independent evolutionary model and parameter. The models for nucleotide substitutions used for genes were selected by applying the Akaike information criterion in MODELTEST 3.7. A constant coalescent model was used in all BEAST runs. For each species, two independent analyses were run for 200 million generations, sampling every 1000. Convergence to the posterior distributions of divergence times and parameter estimates was examined in TRACER 1.5 (Rambaut and Drummond, 2007) , and the burn-in was set at 25%. The maximum-credibility trees, representing the maximum posterior topology, were calculated after removing burn-ins in TREEANNOTATOR.
Ecological niche modeling
Ecological niche models were constructed for the two species to explore the degree to which its distribution has changed since the Pleistocene glaciations. We collected occurrence records from National Zoological Museum, Institute of Zoology, Chinese Academy of Sciences and China Bird Report (http://birdtalker.net/ report/index.asp). We georeferenced the records in Google Maps. We only used field records of populations in the Southwest Mountains and total 161 and 67 records were used for G. elliotii and A. concinnus, respectively. The records of each species were randomly separated into two subsets, one for model training and the other for model evaluation. Current distribution ranges of these species in BirdLife International (2015) were used to outline the accessible area in ArcMap 10.0 and to extract current climatic layers as the background for model training. The results of model training were projected to current, last interglacial glaciation (LIG) and last glacial maximum (LGM) layers. All the climatic layers were from Worldclim at 10 minute resolution (Hijmans et al., 2005) except that LIG layers were resampled at 30 second. We applied two Global Climate Models to estimate the suitable habitats during LGM, the Community Climate System Model (CCSM) and the Model for Interdisciplinary Research on Climate (MI-ROC) (Otto-Bliesner et al., 2006; Braconnot et al., 2007) . To minimize redundancy in autocorrelation between climatic variables, we kept only those variables closely related to temperature and precipitation (Water-Energy theory, Hijmans et al., 2005; Tingley et al., 2009) . The final models included seven variables (annual mean temperature, mean temperature diurnal range, max temperature of the warmest month, min temperature of the coldest month, annual precipitation, precipitation of the wettest month and precipitation of the driest month) because these variables did not include spatial artifacts. Ecological niche models were constructed using the maximum entropy machine learning algorithm in MAXENT (Phillips et al., 2006) with 100 replicates. The other settings were set as default. We performed partial ROC analysis to evaluate the prediction results using the Tool for Partial-ROC Ver 1.0 (Barve, 2008) following Peterson (2008) . We used default settings except that the 1-omission value was set to 0.9. We applied Z-test to test if the AUC ratio from the partial ROC approach is significantly larger than 1. Z value larger than 2.58 indicates the predictions are much better than the random distributions. We turned the median grids of MAXENT's outputs into binary plots by setting the threshold at a 10 percentile training presence. Cells with values above the threshold represent the areas suitable for the species.
Results
Genetic diversity
For A. concinnus, the combined length of the mitochondrial locus (3,080 bp) contained 607 polymorphic sites. These polymorphic sites defined 57 unique haplotypes. The nucleotide diversity is 0.0273. The tests of population expansion, indicated by Tajima's D and Fu's F S , did not deviate significantly from neutrality (Table  1) . For G. elliotii, a 2463 bp mitochondrial DNA fragment included 93 polymorphic sites and 52 haplotypes.
The nucleotide diversity is 0.003 and the results of Tajima's D and Fu's F S tests indicated an over-abundance of singleton mutations and rare alleles (Table 1) .
Phylogenetic reconstruction and divergence time estimation
In G. elliotii, both the ML and BI trees based on combined data (cyt-b+COI+ND2, Fig. 2 ) or each gene alone (Fig. S1 ) are composed of two major lineages. The geographic distributions of the two lineages appeared uneven (Fig. S1) , with the majority of the first lineage found mainly in populations in the north and east subregions (north-east lineage); the second lineage is most common in the south subregion (south lineage). The two lineages are not strongly supported by the posterior probability (PP < 95%) and bootstrap value (ML < 70) (Fig. 2) . The uncorrected P distance is 0.003 between the two lineages ( Table 2) . Divergence time between the two lineages fell within the late Pleistocene glacial period (MIS6): 0.25 (95% HPD, 0.16-0.37 mya). The coalescent time for each lineage is 0.16 (95% HPD, 0.1-0.24) for the south lineage and 0.13 (95% HPD, 0.08-0.2) mya for the north-east lineage (Fig. 2) . * P < 0.005; *** P < 0.0001.
Fig. 2 The mitochondrial DNA phylogenetic trees of Garrulax elliotii and Aegithalos concinnus
The mean coalescent time and its 95% highest posterior density (HPD) intervals are shown above the nodes, and the branch supports for main nodes under the nodes by three approaches (BEAST/BI/ML). The stars in the trees show individuals clustered within one lineage, although they geographically belong to other lineage's subregions. In A. concinnus, the ML and BI trees showed similar topology, dividing individuals into two major lineages. The first lineage comprised sampling sites from the south eco-subregion of the Southwest Mountains (south lineage), and the second was restricted to sampling sites from the north and east eco-subregions (north-east lineage). The north-east lineage was further divided into two clades, which are roughly congruent with north and east eco-subregions, respectively in combined data and each gene (Fig. 2 and Fig. S1 ). All three lineages are strongly supported by the posterior probability (PP > 95%) and bootstrap value (ML > 70). The uncorrected P distance is 0.045 between the two lineages ( Table 2) . The estimated divergence time between the south and north-east lineages was 1.53 (95% HPD: 1.1-2.02) mya, and the coalescent time was 0.18 (0.11-0.25) and 0.22 (0.14-0.31) mya for the south and north-east lineages, respectively (Fig. 2) .
Ecological niche modeling
The ecological niche models developed under the current climate condition accurately predicted the present distribution of each species. AUC ratio from partial RPC are 1.309 ± 0.063 (Z = 155.10 > 2.58) and 1.695 ± 0.061 (Z = 360.29 > 2.58) for G. elliotii and A. concinnus. The area under the ROC curve (AUC) was close to one (0.943 for A. concinnus and 0.893 for G. elliotii), indicating better than random predictions (0.5 = random, 1 = maximum). The climatic suitability for the two species predicted by MAXENT during the LGM and LIG somehow changed dramatically between the species, indicating that the two species have responded differently to the LGM and LIG climatic fluctuations. In A.
concinnus, these suitable habitats were more or less similar to the habitats predicted as suitable during the LGM and LIG, suggesting a long-term persistence of the stable habitat. By contrast, in G. elliotii, rather small areas of habitats were predicted as suitable during the LGM but much larger areas in the LIG compared to current habitats, indicating that suitable habitats of this species had shifted with climatic changes (Fig. 3) .
Discussion
Lineage diversification (in situ diversification) within the Southwest Mountains
Topographical complexity and ecological heterogeneity are likely to have contributed to the genetic diversification of the two species in the Southwest Mountains of China. In agreement with this, the analyses of mitochondrial DNA revealed multiple genetic lineages in A. concinnus and G. elliotii. In A. concinnus, three lineages were observed, a south lineage (including individuals from localities in the south eco-subregion of the Southwest Mountains), a north lineage (including individuals from localities in the north eco-subregion), and an east lineage (including individuals from localities in the east eco-subregion). In G. elliotii, the genetic diver- Fig. 3 The suitable habitats predicted by the ecological niche modeling for current, last glacial Maximum (LGM) and last interglacial (LIG) distributions for Garrulax elliotii and Aegithalos concinnus, respectively gence is less distinct, but two lineages could still be detected, which were generally congruent with a division between the south and north-east eco-subregions (south lineage included individuals from localities in the south eco-subregion, and the north-east lineage contained individuals from localities in the north and the east eco-subregions). This strong geographical structure in these two species suggests that lineage diversification has proceeded in situ between the eco-subregions of the Southwest Mountains. In their cases, the steep mountains and deep valleys of the Kangding-Muli-Baoxin Divide, recognized as a geographic barrier by Zhang et al. (2009) and Li (1989) , appear to have effectively prevented gene flow among subregional populations. Across the entire study area, the correlation between the phylogeographic pattern and subregion division is strong, which may explain from population genetic point why the Southwest Mountains have higher avian endemism due to ''ecological island'' effect (the subregion's isolation as being ecological isolation (Lei et al., 2015) .
The coalescence times of these genetic lineages date back between 0.11 and 0.31 (G. elliotii) and 1.1 and 2.02 (A. concinnus) mya. The in situ diversification within the Southwest Mountains thus mostly developed in the late Pleistocene. Similar Pleistocene allopatric divergences were observed for a few bird species inhabiting the eastern and western Himalayas (Päckert et al., 2012) , and south and north Southwest Mountains (Qu et al., 2014) . These results suggest that different eco-subregions and mountain systems in the Southwest Mountains have served as physical barriers since the Pleistocene. These barriers have effectively prevented gene flow between populations, subspecies and species in different eco-subregions. The diversification in situ is thus the dominant model of diversification in the species occurring whinin the Southwest Mountains of China.
The in situ diversification in the Southwest Mountains mimics that of archipelago islands, which are separated by areas of unsuitable habitats that act as barriers to gene flow (Qu et al., 2011 (Qu et al., , 2014 (Qu et al., , 2015 . Isolated ecosystems such as mountaintops and mountain systems have been shown to exhibit island-like properties (Masta, 2000; Smith and Farrell, 2005; Shepard and Burbrink, 2008; 2009) . In the Southwest Mountains, species were often restricted to specific eco-subregions and mountain systems, where organisms have been isolated since the Pleistocene. This may explain the extraordinary high number of endemic genetic lineage, subspecies, species and genera in this region (Lei et al., 2003a; 2003b) .
Different response to the Pleistocene glaciations in the two species
The Pleistocene glacial cycles have induced environmental changes in East Asia, which caused shifts in the geographic ranges of many species (Li et al., 2009; Liu et al., 2012; Wang et al. 2013; Lei et al., 2014) . Nevertheless, two species in the Southwest Mountains of China responded differently to Pleistocene glacial cycles, as evidenced from their different stable habitat distribution and patterns of genetic variation. The ecological niche models predict that the suitable habitats of A. concinnus stayed stable during the LGM, LIG and present time, whereas those of G. elliotii dramatically changed with climatic fluctuations, with the smallest habitats in the LGM and the largest ones in the LIG. Different patterns of stable habitat for the two species are reasonable because the pollen-based paleovegetation data indicate that cool-temperate vegetation, such as shrublands, which are the suitable habitat for G. elliotii, expanded to lower elevations during glacial periods and contracted to high elevations during warmer and wetter interglacial periods (Kou et al., 2006; Neigel and Avise, 1986; Wang et al., 2001; Yu et al., 2007) . However, the broad-leaved and seasonal forests, which are the suitable habitats for A. concinnus, stayed stable in low elevations of the Southwest Mountains during glacial periods. A different stable habitat pattern led to a different demographic history. A stable population size and longterm persistence of population structure are observed for A. concinnus, whereas signal of population expansion and genetic admixture are detected for G. elliotii.
Different stable habitat patterns and demographic history have further contributed to the various genetic diversification patterns of the two species. For G. elliotii, glacial-induced expansion may bring separated populations into contact, thus increasing opportunities for gene flow and obscuring previous genetic divergence. Indeed, we found a shallow phylogeographic division in this species and highly shared ancestry between genetic lineages. It is probable that isolated genetic lineages periodically expanded to low elevations where they admixed, and established a contact zone along their boundaries. The frequent occurrence of the admixture has dramatically reduced the genetic diversity in G. elliotii. By contrast, a stable habitat and demographic history through the Pleistocene allowed the genetically distinct lineages of A. concinnus to be maintained, thus further increasing the genetic diversity of this species. It is likely that the relatively mild climate in the low elevation areas in the Southwest Mountains makes it possible to maintain stable populations during colder periods, causing less drastic demographic fluctuations, such as the bottlenecks and expansions experienced by the other high elevation species, G. elliotii.
However, considering that the populations of G. Table S1 Genbank accession numbers of all sequences used in this study 
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